Stanene is a two-dimensional (2D) buckled honeycomb structure which has been studied recently owing to its promising electronic properties for potential electronic and spintronic applications in nanodevices. In this article we present a first-principles study of electronic properties of fluorinated bilayer stanene. The effect of tensile strain, intrinsic spin-orbit and van der Waals interactions are considered within the framework of density functional theory. The electronic band structure shows a very small overlap between valence and conduction bands at the Γ point which is a characteristic of semimetal in fluorinated bilayer stanene. A relatively high value of tensile strain is needed to open an energy band gap in the electronic band structure and the parity analysis reveals that the strained nanostructure is a trivial insulator. According to our results, despite the monolayer fluorinated stanene, the bilayer one is not an appropriate candidate for topological insulator.
Introduction
Recently theoretical investigation of materials based on group IV elements attract considerable attention [1, 2, 3, 4, 5] . Among them, Stanene the two-dimensional (2D) tin as a topological insulators has been studied thoroughly because of being ideal candidates to quantum spin Hall (QSH) effect [6, 7, 8, 9, 10, 11] . The topological state was observed experimentally in HgT e quantum wells [12] , three dimensional structures e.g., Bi 1−x S b x [13] , S nT e [14] , Bi 2 T e 3 [15] , T iBiS e 2 [16] and predicted theoretically for two dimensional nanostructures [17, 18, 19, 20, 1, 21, 22] . These materials are associated with topological invariant which is different from ordinary insulators having topologically protected gapless edge states that are robust against time-reversal-invariant weak disorders [1, 23] . In spite of the fact that 2D materials have been on the focus of a large number of scientific researches, not all of them are fully utilized as QSH insulators. Graphene has been predicted to be a QSH insulator by Kane and Mele at low temperatures with a too small energy gap (≈ 3-10 meV) which is opened by spin-orbit coupling at the Dirac point [1] . The functionality of QSH insulators is having an experimentally accessible gap at room temperature that is due to large spin-orbit coupling strength [24] .
In the pursuit of large-gap QSH insulators, many novel structures have been predicted [11, 17, 18, 19, 24, 4, 5] including slightly buckled honeycomb lattice of tin atoms [26] , also known as stanene, which recently has been fabricated by molecular beam epitaxy in laboratory [27] . Due to the relatively large atomic mass of tin atoms the intrinsic spin-orbit interaction opens an energy gap in the electronic structure of stanene which is around 70 meV [24, 28] . Theoretical calculations predict a larger gap for halogenated monolayer [24] and ethynyle-derivative [4] stanene, as well as chemically decorated plumbene [5] , that suggest these structures for application in nanodevices based on topological insulators. Indeed, it was shown that oxygen adsorption may cause topological behavior to trivial phase transition in stanene nanoribbons [25] . From a realistic point of view, the synthesis of an exact monolayer of 2D structure on a substrate is an experimental challenge for experimental scientists. In the case of stanene, the latest attempt by molecular beam epitaxy leads to few layer stanene [27] . The main question arises from the effect of interaction between different layers of stanene on the topological phase of the nanostructure. Based on the aforementioned motivation, we investigate the effect of fluorine absorption on the electronic and topological phase of bilayer stanene. The fluorinated bilayer stanene (FBSn) is studied by using density function theory (DFT) with considering the van der Waals (vdW) interaction between different layers of structure. Owing to the heavy atomic mass of tin atoms, fully relativistic pseudopotential together with spin-orbit coupling is considered for DFT calculations.
Model and Method
For our calculations we have used the first principles density functional calculations as implemented in the Quantum Espresso code [29] . The electronic calculations have been performed within the Generalized Gradient Approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) [30] exchange correlation is adopted. The semi-empirical dispersion interactions (DFT-D) model [31, 32] has been employed in order to consider the van der Waals interaction between adjacent layers of bilayer stanene. To avoid interaction between stanene layers in neighbor unit-cells, a vacuum layer 15Å is set perpendicular to the stanene plane. A 21×21×1 Monkhorst and Pack [33] k-point mesh is adopted to sample the Brillouin zone and the cut-off energy for plane wave expansion is set to 700Ry in all calculations.
Throughout geometry optimization, cell parameters as well as atomic positions are fully relaxed until the force on atoms is less than 0.01eV/Å. We consider the hexagonal unit cell for bilayer fluorinated stanene as shown in Figure  1 . The side view represents the buckling structure of tin atoms. The relaxation process does not break the space inversion symmetry of bilayer fluorinated stanene. The topological invariant determines the topological/trivial phase of structure. According to the Fu-Kane work [34] in a crystal with space inversion symmetry one can obtain the topological invariant by using the parity of occupied electronic bands of Time Reversal Invariant Momenta (TRIM) points [35, 36] . In the hexagonal structure, there are 4 TRIM points (1 Γ and 3 M points) in the first Brillouin zone [17, 19] .
Results
We consider the AB stacked of bilayer stanene. Figure 1 represents the top and side view of buckled structure of FBSn. Both figures are plotted using XCrySDen program [37] . The lattice parameter of hexagonal unit cell of FBSn is 4.75Å which is smaller than iodinated stanene [17] . In the FBSn the buckling parameter of layers is 0.8Å which is around pure stanene and the distance between adjacent layers is about 3.6Å which is in quite agreement with recent epitaxial growth of stanene [27] . The positive phonon spectrum confirms the thermal stability of material. In Figure 2 the phonon frequencies of bilayer stanene at the Γ point are plotted for all acoustic and optical branches. The maximum phonon frequency at the Γ point is 176 cm −1 which is almost unchanged with respect to monolayer stanene [38] . For the monolayer stanene there is a phonon frequency gap between 50 cm −1 and 100 cm −1 [38] . In the case of bilayer stanene the frequency gap is filled with one phonon state at 60 cm −1 for the Γ point. Figure 3 shows the band structure and partial density of state (PDOS) for pure bilayer stanene and FBSn in the absence of spin-orbit coupling (SOC). The band structure is plotted along the high symmetry points of the first Brillouin zone.
In the pure bilayer structure, the bands at the K point cross the Fermi level which indicate the semimetal behaviour. In both valence and conduction bands the main contribution comes from atomic p orbitals of tin atoms. In the FBSn structure, unlike graphene the energy valence and conduction bands at the K point are separated by a relatively large energy gap. The minimum of conduction band at the Γ point cross the Fermi level and electronic gap is zero. The PDOS indicates that the eigenstates related to the p atomic orbital of tin atoms fill the band gap at the Γ point and FBSn becomes a semimetal. Around the Fermi level, electronic states in the valence band mostly arise from the p atomic orbitals but for conduction band the s atomic orbitals contribute more effectively. The close energies as well as difference in parities for s and p atomic orbitals allows the possibility of band inversion and the topological phase in tin 2D structures. The presence of s atomic orbitals in the conduction band shows the failure of any single orbital model for describing FBSn. The s and p atomic orbitals of fluorine atoms are far from the Fermi level and do not contribute in the electronic structure of bilayer stanene effectively. In both structures, the contribution of d atomic orbitals of tin atoms is negligible and ignored in figures.
As follows, we consider the spin-orbit coupling and the van der Waals interaction between different layers of atoms in the DFT-D model. The atomic positions of structure are fully relaxed for a certain value of strain and the variation of total energy with lattice parameter is plotted in Figure 4 for two different models.The polynomial curve is well fitted to the DFT and DFT-D results are shown in Figure 4 . For a 2D structure one cannot define the Young's modulus due to the very large value of c axis in the hexagonal super cell. We calculate the in-plane stiffness Y s = (1/A 0 )(∂ 2 E/∂ε 2 ) where A 0 is the equilibrium area of the unit cell. We obtain the Y s = 60N/m which is much smaller than graphene's in-plane stiffness [27, 39, 40] and is about twice of pure single layer stanene [28] The binding energy between two fluorinated layers which is expressed as in equation 1,
The binding energy between two layers is about 1.85 eV/unitcell which is increased 20% and reaches to 2.25 eV/unitcell by considering the van der Waals interaction between two tin layers. The electronic structure of relaxed FBSn in the DFT-D model with spin-orbit interaction is shown in Figure 5 .
In the presence of spin-orbit interaction some degeneracies in the band structure are lifted. By considering the intrinsic spin-orbit interaction, the required gap for the topological insulators does not appear in the electronic structure and FBSn still remains semimetal. For the relaxed structure the electronic band structure of system is gapless and therefore the topological invariant is ill-defined due to the mixture of valence and conduction bands at the Γ point. The small value of in-plane stiffness (Y s ) and flexibility due to the buckling [22] suggest the tuning of electronic structure by applying external strain. For a structure with lattice parameter a , the applied strain is defined as ε = (a − a • )/a • .
We apply tensile strain to the hexagonal structure in order to open an energy band gap at the Γ point. Figure 6 shows the band structure of bilayer FBSn in the DFT-D with spin-orbit interaction under strain up to 0.18.
By applying external strain the atomic bonds grow weaker which leads to reduction in electronic band widths. The applied strain reduces the band curvature and electronic velocities around the Fermi level. The electronic gaps at the M and K points are decreased but the main effect of tensile strain is for electronic bands around the Γ point. The overlap between valence band maximum (VBM) and conduction band minimum (CBM) at the Γ point is decreased and finally a very small electronic indirect electronic gap is opened at the Γ point. To investigate the topological phase of FBSn we calculate the Z 2 topological invariant by crossing the parities of occupied bands [4, 5, 35, 36] . Table 1 indicates the occupied bands paritiy at four TRIM points for FBSn unders 2 percent of biaxial tensile strain. For higher values of applied biaxial strain the Z 2 topological invariant is same. The parity analysis reveals that even for relatively high values of strain, the band inversion does not occur in the FBSn structure and topological invariant is zero which indicates the trivial phase in strained structures. Although the monolayer fluorinated stanene has a spin-orbit gap of 0.3eV [24] and is an appropriate candidate for topological insulator, the bilayer stanene is semimetal and gapless. The applied tensile strain opens an indirect band gap around the point but the strained structure is a trivial insulator which is a drawback for application of fluorinated stanene as a topological insulator in electronic devices. DFT-D+SOC 
Conclusion
In summary, we have studied the fluorinated bilayer stanene in the DFT model and consider the intrinsic spin-orbit and van der Waals interaction between different layers. Although the fluorinated monolayer stanene was predicted as a room temperature topological insulator [24] , the bilayer stanene and fluorinated bilayer stanene are semi-metal. The the high values of applied tensile strain causes an electronic band gap and trivial insulator phase in the fluorinated bilayer stanene.
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